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Abstract: High temperature is foremost abiotic stress and there are inadequate studies explicating
its impact on soybean. In this study, a pot experiment was done in a greenhouse maintained at
a day/night temperature of 42/28 ◦C with a mean temperature of 35 ◦C to examine the effects
of high temperature in soybean plants inoculated with and without arbuscular mycorrhizal fungi
(AMF).Various parameters were taken in soybean plants treated with AMF (+) and AMF (−) such
as growth analysis, chlorophyll content, canopy temperature, number of stomata, gas exchange,
chlorophyll fluorescence, seed yield, and its attributes. It was observed that growth parameters
like leaf area, stem height, root length, shoot and root dry biomass were increased in AMF (+)
as compared to AMF (−) plants. Chlorophyll content, the number of stomata, photosynthesis
rate, stomatal conductance, transpiration rate, and water use efficiency increased in AMF (+) as
compared to AMF (−) plants. Chlorophyll fluorescence parameters such as Fv/Fm, Fv/Fo, PhiPSII,
fluorescence area, performance index, photochemical quenching, linear electron transport rate, and
active reaction centres density of PSII were also found to be enhanced in AMF (+) plants. However,
canopy temperature, intercellular CO2, Fo/Fm, and non-photochemical quenching were higher in
AMF (−) as compared to inoculated plants. An increase in growth and photosynthesis ultimately
enhanced the seed yield and its attributes in AMF (+) as compared to AMF (−). Thus, AMF (+) plants
have shown much better plant growth, photosynthesis parameters, and seed yield as compared to
AMF (−) plants under high temperature. Thus, it is concluded that heat stress-induced damage to the
structure and function of the photosynthetic apparatus was alleviated by AMF inoculum. Therefore,
AMF can be used as a biofertilizer in alleviating the adverse effects of heat stress in soybean.

Keywords: arbuscular mycorrhizal fungi; biofertilizer; chlorophyll fluorescence; high temperature;
photosynthesis; soybean

1. Introduction

High-temperature stress is considered as one of the major destructive stress among
various abiotic stresses. Heat stress is defined as the increase in temperature above a
threshold level to cause irretrievable damage to plants [1,2]. The intensity and impact of
high temperature are predicted to increase more with long-lasting effects in the coming
years [3]. High temperature has damaging ramifications on plants’ morphological, phys-
iological, and biochemical processes, which eventually leads to the down-regulation of
plants’ productivity [4]. Soybean is the world’s most important seed legume [5–7]. Since
the introduction and inception of commercial cultivation in India in the late ’60s, the crop
is being cultivated in around 11.8 million hectares with a production of 13.5 million tons

Plants 2022, 11, 2210. https://doi.org/10.3390/plants11172210 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants11172210
https://doi.org/10.3390/plants11172210
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-4335-9235
https://orcid.org/0000-0003-2565-1101
https://orcid.org/0000-0003-2840-4608
https://orcid.org/0000-0002-0953-7045
https://doi.org/10.3390/plants11172210
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants11172210?type=check_update&version=2


Plants 2022, 11, 2210 2 of 12

(2020–2021 estimates). Presently soybean is contributing 42% share of total oilseed and
22% to total oil production in the country. With an increase in population, the demand
for edible oil is increasing and 40% of the demand is being fulfilled by different oil seed
crops and the rest 60% of demand is being made up by imports to India. The cost of the
import of edible oil put high pressure on our foreign exchange. Among all the oilseed crops,
soybean is having the highest potential to meet the challenge of being self-sufficient in the
production of edible oil. Soybean is frequently subjected to high-temperature stress, due
to which its growth, seed yield, and quality are greatly affected [8–10]. The occurrence of
temperature above a threshold level particularly beyond 35 ◦C has often been observed in
many regions of India where soybean is grown [11]. Thus, any further rise in temperature
may brutally obstruct soybean productivity as the current temperatures in major soybean
growing regions in India are already at the threshold of the upper limit.

Plants have a number of tolerance mechanisms for forestalling the harmful effects
of abiotic stress conditions. Among the environmentally safe sustainable endeavors, the
association of Arbuscular mycorrhizal fungus (AMF) with the roots of the plant can be
reconnoitered to improve plant growth and productivity under abiotic stress. Thus, the
presence of AMF improves plants’ tolerance to high temperatures when compared to
the plants not colonized with AMF [12]. AMF being a potential biofertilizer alleviates the
harmful effect of high temperature on the plant by enhancing plant growth and yield [13,14].
AMF is obligate biotrophs that can form symbiotic associations with the roots of plants [15],
which plays a key role in increasing crop productivity and nutrient cycle [16]. Also, the
use of AMF can reduce the use of inorganic fertilizers and pesticides in agriculture due to
bio-protection.

AMF usually form a mutualistic symbiosis with many plants to control the host
plants’ growth under abiotic stress conditions by various direct or indirect mechanisms.
The fungus in such a relationship forms a symbiotic association with the roots of the plant
and enhances its ability to absorb water and nutrition by increasing mycelium area [17],in
turn, the plant provides carbohydrates to the fungal partner [18–22]. AMF symbiosis
alleviates temperature stress to the host plants via improving uptake of nutrients [23] and
enhances the photosynthetic rate and photochemistry of PSII [24–27], improves the osmotic
adjustment [28], superior antioxidant activity [29,30], and better reproductive capacity [31].
Many studies have been conducted on AMF and abiotic stress, but all the studies have
been conducted in controlled conditions in sterilized soil. Under sterilized soil, actual field
conditions cannot be mimicked therefore in this study unsterilized or natural soil was used
for the experiments. AMF is likely to be more important in a future sustainable agriculture
system. Till now, many reports are there on heat stress and AMF separately but to the
best of our knowledge, this is the first elaborative report about alterations in gas exchange
parameters and photosynthetic apparatus in response to heat stress in the presence of
AMF in soybean. Hence, the main aim of this study was to inspect the role of AMF in
assuaging the harmful effects of high-temperature stress in soybean plants. Thus, this study
could contribute toward the understanding of plant tolerance to high-temperature stress
in soybean.

2. Results

Various growth parameters (such as leaf area, plant height, root length, above and
below-ground biomass), canopy temperature, photosynthetic efficiency measurements
such as chlorophyll a fluorescence parameters, net photosynthesis rate, transpiration rate,
stomatal conductance, water use efficiency, stomatal density, total chlorophyll content, seed
yield, and its attributes were determined in AMF (+) and AMF (−) soybean plants.

2.1. Effect on Growth Parameters and Root Colonization

Leaf area, plant height, root length, above and below-ground biomass were measured
for AMF (+) and AMF (−) plants. The leaf area of AMF (+) plants was 30% more as
compared to AMF (−) plants. In AMF (+) plants, plant height was increased by 34% and
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root length was increased by 41% as compared to AMF (−) plants. In AMF (+) plants the
shoot dry weight was 20% and root dry weight was 44% more as compared to AMF (−)
plants (Figure 1). The nodules dry weight of AMF (+) plants was 33% more as compared
to AMF (−) plants. In AMF-treated plants, root colonization was found to be ~50–60%
including the vesicles and arbuscules, while very less colonization was observed in control
plants (~5–7%).

Plants 2022, 11, x FOR PEER REVIEW  3  of  12 
 

 

2.1. Effect on Growth Parameters and Root Colonization 

Leaf area, plant height, root length, above and below‐ground biomass were meas‐

ured for AMF (+) and AMF (−) plants. The leaf area of AMF (+) plants was 30% more as 

compared to AMF (−) plants. In AMF (+) plants, plant height was increased by 34% and 

root length was increased by 41% as compared to AMF (−) plants. In AMF (+) plants the 

shoot dry weight was 20% and root dry weight was 44% more as compared to AMF (−) 

plants (Figure 1). The nodules dry weight of AMF (+) plants was 33% more as compared 

to AMF (−) plants. In AMF‐treated plants, root colonization was found to be ~50–60% in‐

cluding the vesicles and arbuscules, while very less colonization was observed in control 

plants (~5–7%). 

 

Figure 1. Plant height, root length, leaf area, shoot dry weight, and root dry weight of non‐inocu‐

lated AMF  (−) and  inoculated plants AMF  (+) of soybean. The vertical bar  indicates ± SE  for  the 

mean. The means for each main treatment followed by the different letters are significantly different 

(p ≤ 0.05). 

2.2. Effect on SPAD Value,Canopy Temperature and Stomatal Density 

Total Chlorophyll content was more in AMF (+) soybean plants as compared to AMF 

(−) plants. AMF  (+) soybean plants had 24% more chlorophyll content as compared  to 

AMF (−) plants. Canopy temperature was also measured in AMF (+) and AMF (−) plants. 

It was evident from the result that AMF (+) plants (32.0 °C) had lower canopy tempera‐

tures as compared  to AMF  (−) plants  (37.4 °C). Leaves of plants  inoculated with AMF 

showed significantly higher stomatal frequency. The number of stomata in AMF (+) soy‐

bean plants was 318/mm2 while it was 233/mm2 in AMF (−) plants (Figure 2). 

 
Figure 2. Chlorophyll content (SPAD value), canopy temperature, and the number of stomata on 

the abaxial surface of non‐inoculated AMF (−) and inoculated plants AMF (+) of soybean. The ver‐

tical bar indicates ± SE for the mean. The means for each main treatment followed by the different 

letters are significantly different (p ≤ 0.05). 

2.3. Effect on Gas Exchange Parameters 

Photosynthetic parameters were studied in AMF (+) and AMF (−) plants under high 

temperatures. The rate of photosynthesis was enhanced by 32% in AMF (+) plants as com‐

pared to AMF (−) plants under high‐temperature conditions. Transpiration was increased 

by 27%, stomatal conductance by 20%, and water use efficiency by 22% in AMF (+) plants 

while intercellular CO2 was low (11%) in AMF (+) plants as compared to control plants. It 

Figure 1. Plant height, root length, leaf area, shoot dry weight, and root dry weight of non-inoculated
AMF (−) and inoculated plants AMF (+) of soybean. The vertical bar indicates ± SE for the mean.
The means for each main treatment followed by the different letters are significantly different
(p ≤ 0.05).

2.2. Effect on SPAD Value, Canopy Temperature and Stomatal Density

Total Chlorophyll content was more in AMF (+) soybean plants as compared to AMF
(−) plants. AMF (+) soybean plants had 24% more chlorophyll content as compared to
AMF (−) plants. Canopy temperature was also measured in AMF (+) and AMF (−) plants.
It was evident from the result that AMF (+) plants (32.0 ◦C) had lower canopy temperatures
as compared to AMF (−) plants (37.4 ◦C). Leaves of plants inoculated with AMF showed
significantly higher stomatal frequency. The number of stomata in AMF (+) soybean plants
was 318/mm2 while it was 233/mm2 in AMF (−) plants (Figure 2).
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Figure 2. Chlorophyll content (SPAD value), canopy temperature, and the number of stomata on the
abaxial surface of non-inoculated AMF (−) and inoculated plants AMF (+) of soybean. The vertical
bar indicates ± SE for the mean. The means for each main treatment followed by the different letters
are significantly different (p ≤ 0.05).

2.3. Effect on Gas Exchange Parameters

Photosynthetic parameters were studied in AMF (+) and AMF (−) plants under
high temperatures. The rate of photosynthesis was enhanced by 32% in AMF (+) plants
as compared to AMF (−) plants under high-temperature conditions. Transpiration was
increased by 27%, stomatal conductance by 20%, and water use efficiency by 22% in AMF
(+) plants while intercellular CO2 was low (11%) in AMF (+) plants as compared to control
plants. It indicated that AMF (+) plants had higher photosynthetic efficiency as compared
to AMF (−) plants (Figure 3).
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Figure 3. Rate of photosynthesis, stomatal conductance, intercellular CO2, water use efficiency,
and rate of transpiration of non-inoculated AMF (−) and inoculated plants AMF (+) of soybean.
The vertical bar indicates ± SE for the mean. The means for each main treatment followed by the
different letters are significantly different (p ≤ 0.05).

2.4. Effect on Chlorophyll a Fluorescence

Different chlorophyll fluorescence parameters were studied in AMF (+) as well as
AMF (−) plants under high-temperature conditions. Electron transport rate, photochemical
quenching, Fv/Fm, and PhiPSII enhanced under high temperature in AMF (+) plants while
non-photochemical quenching decreased. Electron transport rate was increased by 30%,
Fv/Fm ratio by 17%, PhiPSII by 30%, and photochemical quenching by 35% in AMF (+)
plants while non photochemical quenching declined by 20% as compared to AMF (−)
plants (Figure 4).
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Figure 4. Maximum PSII efficiency (Fv/Fm), PhiPSII, photochemical quenching, non-photochemical
quenching, electron transport rate of non-inoculated AMF (−) and inoculated plants AMF (+) of
soybean. The vertical bar indicates ± SE for the mean. The means for each main treatment followed
by the different letters are significantly different (p ≤ 0.05).

2.5. Effect on Energy Pipeline Leaf Model

The energy pipeline leaf model was inferred using biolyzer HP3 software (Figure 5).
This model gives evidence about the efficacy of the flow of energy from antennae to the
electron transport chain components through the reaction centre of PSII. Energy flow was
calculated from the pipeline leaf model for AMF (−) and AMF (+) plants. The flow of
energy, photons trapped and used for efficient primary photochemistry or in electron
transport system was studied by the width of the arrows (Figure 5). A phenomenological
leaf model depicts more active reaction centres per unit area of the AMF (+) plants as
compared to AMF (−). In this model, open circles represent the active reaction centre and
AMF (+) plants had more active reaction centres and higher electron transport efficiency as
shown by the broader width of the arrow in the leaf models as compared to AMF (−) plants
under high temperature (Figure 5). The following effects were observed in soybean leaves
(phenomenological per excited cross-section (CS) area): ABS/CSo, ETo/CSo, DIo/CSo, and
TRo/ CSo decreased in AMF (−). ABS/CSo describes the number of photons absorbed
by antenna molecules of active and inactive PSII RCs over the excited cross-section and is
represented by the dark-adapted Fo. The ABS/CSo can be substituted as an approximation
by the fluorescence intensity, Fo. A decrease in ABS/CSo at high temperature indicates a
decrease in the energy absorbed per excited cross-section. ETo/CSo represents electron
transport in a PSII cross-section and indicates the rate of reoxidation of reduced QA via
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electron transport over a cross-section of active RCs. A decrease in this ratio indicates the
inactivation of RC complexes and the OEC and also suggests that the donor side of PSII has
been affected. DIo/CSo represents the total dissipation measured over the cross-section
of the leaf that contains active and inactive RCs. TRo/CSo represents the maximal rate
by which an exciton is trapped by the RC resulting in the reduction of QA. The ratio
TRo/CSo also decreased in AMF (−) leaves indicating low energy trapping by reaction
centres. A decrease in the density of active RCs (indicated as open circles) and an increase
in the density of inactive RCs (indicated as filled circles) were observed in response to AMF
(−) (Figure 5).The area over the fluorescence induction was increased by 28% in AMF (+)
plants as compared to AMF (−) plants. The performance index was increased by 33% and
Fv/Fo was increased by 21% in AMF (+) plants as compared to AMF (−) plants while
Fo/Fm was decreased by 27% in AMF (+) plants as compared to AMF (−) plants (Figure 6).
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2.6. Effect on Seed Yield and Its Attributes

Seed yield and its attributes were increased in AMF (+) as compared to control plants.
Seed yield was 12.1 g/plant in AMF (−) plants which was increased by 33% in AMF (+)
plants (16.1 g/plant). Pod number, seed number, and total biomass were also increased
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in AMF (+) plants as compared to AMF (−) plants. The number of pods was increased by
33%, the number of seeds by 37%, and total biomass by 32% in AMF (+) plants as compared
to AMF (−) plants under high-temperature stress (Figure 7).
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inoculated plants AMF (+) of soybean. The vertical bar indicates ± SE for the mean. The means for
each main treatment followed by the different letters are significantly different (p ≤ 0.05).

3. Discussion

Among the changing mechanisms of the environment, the continuously increasing
temperature is considered one of the utmost harmful stress [32]. AMF forms a symbiotic
association with higher plant roots by promoting plant growth and nutrient uptake, which
is of biological significance [15,33–35]. The present study was piloted in a greenhouse, to
examine the effects of AMF on growth, chlorophyll content, canopy temperature, number
of stomata, gas exchange, chlorophyll fluorescence, seed yield, and its attributes when
soybean plants were grown under high-temperature stress. The present study clearly
showed that the soybean plants infected with AMF showed better growth characteristics
(leaf area, dry weights, and length of shoot and roots) than non-AMF plants under high-
temperature stress (35 ◦C). This result was in agreement with earlier reports which have
also shown the positive effects of AMF on plant growth [25,29,36–40]. AMF symbiosis
also increases leaf number, and leaf area and delays senescence [41]. These affirmative
results may be due to the improvement of gas exchange parameters [20,34] and an increase
in root density [42–44]. Nodule dry weight was also enhanced in plants inoculated with
AMF. Studies have shown that AMF effects are also associated with root nodules [45,46].
This might point to interactions between AMF and rhizobia inside the root nodules, the
root organs in which nitrogen fixation takes place. Moreover, molecular identification
revealed that under natural circumstances, root nodules are colonized by specific AMF
communities that are similar in different legume species and different from the root AMF
communities [47]. The presence of AMF in the nodules could indicate that AMF deliver
nutrients that are essential for nitrogen fixation directly into the nodules.

Photosynthesis has been considered an important indicator of growth because of its
direct association with the productivity of crops [48–50]. High temperature could affect
photosynthesis by stomatal or non-stomatal factors [51–53]. The present study data showed
a significant increase in the net photosynthetic rate, transpiration rate, and stomatal conduc-
tance in AMF plants compared to non-AMF plants, under high temperatures. The water
use efficiency was also high in AMF plants as compared to non-AMF plants. It clearly
indicated that AMF can provide enhanced gas exchange ability by increasing CO2 assimila-
tion and transpiration and decreasing stomatal resistances which are necessary to supply
photosynthates needed by fungal symbionts [26,34,54–56]. Previous reports have also
shown that higher rates of stomatal conductance in AMF plants improve the demand for
transpiration in relation to non-AMF plants under high-temperature stress [26,57]. It proves
that inoculation by mycorrhizal fungi improves the photosynthesis of AMF-treated plants
under high-temperature conditions.

Chlorophyll fluorescence parameters are useful for environmental studies in assessing
plant responses to eco-physiological adversities [58–62]. As compared to non-AMF under
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high-temperature plants, AMF plants were able to convert light energy more efficiently
and reduced the damage to photosynthetic apparatus [63]. The present study showed a
significant increase in the performance index, Fv/Fm, photochemical quenching, PhiPSII,
electron transport rate, and Fv/Fo in AMF (+) plants compared to non-AMF plants. Under
high-temperature AMF appears to have protected the water-splitting complex and sub-
sequently better primary photochemistry of PSII. The effect of high temperature clearly
led to reduced performance index values, and area for AMF (−) plants, whereas AMF (+)
plants maintained higher performance index levels. Application of AMF caused higher
Fv/Fm in the mycorrhizal colonized plants as compared with AMF (−) plants, which is in
accordance with the results of Ruiz-Lozano et al. [64].

In addition, inoculation improved photosynthesis by inducing changes in leaf anatom-
ical characters. The more number of stomata in AMF-treated plants could be construed
as a plant stratagem to fulfill the higher demand for CO2 needed to match the higher
growth rate in plants inoculated with arbuscular mycorrhizal fungi [65–67]. AMF inoc-
ulated soybean plants showed lower canopy temperature under high temperatures as
compared to non-inoculated plants, indicating AMF (+) plants were able to use more of the
available water in the soil to keep their canopy cooler. The AMF plant leaves had higher
chlorophyll content compared to non-AMF plants, this greater chlorophyll content means
it subsequently led to higher photosynthetic efficiency and biomass production under heat
stress [26,68,69]. Enhancement in biomass and photosynthesis ultimately helped the AMF
(+) plants to produce more seed yield under high-temperature conditions as compared
to AMF (−) plants. Thus, this study provides the role of AMF in alleviating the adverse
effects of high-temperature stress in soybean plants.

4. Materials and Methods
4.1. Experimental Design

The experiment was performed under greenhouse conditions at ICAR-Indian Institute
of Soybean Research, Indore (22.72◦ N, 75.83◦ E). The most popular soybean genotype JS
20–29 was grown in cement pots (45 cm height and 18 cm diameter) with 8 replicates in
randomized complete block design for each AMF (+) treated pot and without AMF (−)
pots maintained at day/night temperatures of 42/28 ◦C with a mean temperature of 35 ◦C.
The pots were soaked with tap water 24 h before planting. Before sowing, the seeds were
treated with recommended fungicides, viz. bavistin, and dithane M, and then inoculated
with slurry of Rhizobium japonicum. Four seeds of uniform size were sown at 4 cm depth
in each pot. One week after sowing, thinning was done to two plants per pot, which
were maintained until maturity. The plants were irrigated daily to avoid water stress and
appropriate measures were taken to keep the plants free from any biotic stresses.

4.2. AM Fungi Inoculum

AM fungal culture was procured from the Microbiology Section, Indian Institute
of Soybean Research, and used for the experiment. Microcosm trial was conducted in
Vertisols soil (pH 7.5) (1:2.5 soil water ratio) carbon (0.5%); P (6.2 mg/kg); N (6.4 mg/kg)]
with and without AMF inoculum. For AMF treatment culture, 20 g of crude soil was
inoclutated with AMF inoculum (1000 spores of dominant populations of Rhizophagus
irregularis, Funneliformis mosseae, and Funneliformis geosporum) consisting of propagules,
vesicles, hyphal fragments, and infected root pieces per pot by layering method just below
the seeds, completely intermixed in the potting mixture whereas, no starter culture was
added in the non-AMF set of experiments. Plants without AMF inoculation were the
control plants while AMF (+) were the AMF inoculated ones.

4.3. Growth Parameters and Assessment of AMF Root Colonization

All the observations were taken at the R5 stage (initiation of seed fill) as at this stage
the plant attains its maximum height, node number, nutrient accumulation, leaf area, dry
weight and photosynthesis For analyzing the growth in terms of leaf area and dry matter
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(above and below-ground biomass), plants from three pots were sampled at the R5 stage
from all the plants of AMF (+) and AMF (−) pots. The plant parts were separated into
leaves, stem, pod, and root, was oven-dried at 70 ◦C, and then dry weights were recorded.
Plant height, root length and leaf area were also measured in these plants. The leaf area
was recorded using a leaf area meter (Model LI-3100, LICOR Nebaraska, Lincoln, NE,
USA). Mycorrhizal colonization in roots was examined under microscope (LEADZ optics
model LOS 400). Mycorrhizal colonization in fresh roots was determined after digesting
and clearing the roots in trypan blue acid (0.05%) in lactoglycerol by method of Biermann
and Linderman [70]. Then roots were washed under running tap water and then cut
into 1 cm pieces. Roots were cleared with 10% KOH solution at 90–95 ◦C water bath
for 1 h. Roots were treated with alkaline H2O2 for 10 min, washed thoroughly with tap
water and acidified with 1% HCl solution for 2 min and stained in 0.05% trypan blue
with lactoglycerol.

4.4. Canopy Temperature

Canopy temperature was recorded at the R5 stage in three replications (5 plants/replication)
using a non-contact infrared thermometer (Palmer Wahl, model DHS115XEL) [71]. The ther-
mometer was held in such a manner that the sensor viewed only the canopy of the plant and
prevented from sensing the soil surface. All the measurements of canopy temperature were
made in three replications (5 plants/replication) in all the plants of AMF (+) and AMF (−) pots
in the late morning to early afternoon cloudless period (11.00–15.00 h).

4.5. Chlorophyll Content

Non-damaging calculation of chlorophyll content was done using a portable Minolta
chlorophyll meter (SPAD-502, Spectrum Technologies, Inc., Plainfield, IL, U.S.) which is
based on leaf transmittance at 650 and 940 nm [72]. The readings were recorded at the R5
stage on a fully expanded third leaf from the top in all the plants of AMF (+) and AMF (−)
pots in three replications (5 plants/replication).

4.6. Stomatal Density

To measure the stomatal density, the impression approach was used and is expressed
as the number of stomata per unit leaf area [73]. The leaves selected were those for which
gas exchange parameters were measured. Leaves were cleaned with cotton and carefully
smeared with the transparent nail varnish in the mid-area between the central vein and
the leaf edge for ~20 min. After drying, the thin film was peeled off from the leaf surface,
mounted on a glass slide, immediately covered with a cover slip, and then lightly pressured
with fine-point tweezers, and a number of stomata for each filmstrip was counted under a
microscope (model LOS 400, LEADZ Optics, London, UK).

4.7. GasExchange Measurements

Gas exchange parameters like net photosynthetic rate, stomatal conductance, tran-
spiration rate, water use efficiency, and intercellular CO2 were measured at the R5 stage
in three replications (5 plants/replication) in fully expanded leaf from the top in all the
plants of AMF (+) and AMF (−) pots using photosynthesis system (LI-6400 XT, LI-COR Inc.,
Lincoln, NE, USA). Gas exchange measurements were made at PAR of 1000 µmol m−2s−1

and ambient CO2 concentration (390–400 µmol CO2 mol−1air) between 10.00–12.00 h.

4.8. Chlorophyll a Fluorescence

Chlorophyll fluorescence parameters were recorded in the dark-adapted leaf (30 min)
in all the plants of AMF (+) and AMF (−) pots in three replications (5 plants/replication)
using 6400–40 leaf chamber fluorometer combined with LI-6400 XT. The fluorometer can be
used to take measurements on both dark and light-adapted leaves. Measured parameters
include Fo, Fm, Fs, Fo’, and Fm’ and calculated parameters include Fv/Fm, PhiPSII, electron
transport rate, photochemical (qP), and non-photochemical quenching (qN).
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4.9. Energy Pipeline Leaf Model

Chlorophyll fluorescence induction kinetics were recorded in the dark-adapted leaf
(30 min) in all the plants of AMF (+) and AMF (−) pots in three replications (5 plants
/replication) using a Handy PEA Fluorimeter (Plant Efficiency Analyzer, Hansatech In-
struments King’s Lynn, Norfolk, UK) from 10.00–12.00 h. The energy pipeline model was
prepared using chlorophyll fluorescence; the data acquisition was for every 10 ms for
the first 2 ms and every 1 ms thereafter by analyzing data in the program Biolyzer HP 3
software. The area over the fluorescence induction curve between Fo and Fm is presented
by area. Each relative value is represented by the size of the proper parameters (arrow), the
width of each arrow denotes the relative size of the fluxes or the antenna, empty circles rep-
resent reducing QA reaction centres (active), and full black circles represent non-reducing
QA reaction centre(inactive or silent). The area of the arrows for each of the parameters,
ABS/CSo, TRo/CSo, ETo/CSo and DIo/CSo, indicate the efficiency of light absorption,
trapping, electron transport and dissipation per cross-section of PSII, respectively.

4.10. Seed Yield and Its Attributes

At harvest maturity, plants from the remaining five pots from each treatment were
sampled and data on seed weight, pod number, seed number, and total dry weight per
plant was recorded.

4.11. Statistical Analysis

Analysis of variance was carried out for each treatment and all the data sets using SAS
statistical software (ver. 9.2).

5. Conclusions

We put forward the evidence that under high-temperature exposure AMF enrichment
can facilitate high photosynthetic capacity and prevent photosynthetic apparatus from
being damaged. The information gained from this study would be beneficial for perilously
evaluating the potential role of AMF in alleviating the adverse effects of high-temperature
stress. Beneficial microorganisms, for instance, AM fungi are attractive to farmers in the mi-
lieu of sustainable agriculture. This finding suggested that the inoculation of AMF might be
a justifiable method for enhancing plant growth performance under adverse environmental
conditions. The present study clearly defines the function of AMF in improving the high-
temperature tolerance of soybean plants by enhancing chlorophyll content, photosynthetic
rate, stomatal conductance, WUE, linear electron transport, and seed yield. Results of the
present study show the possible role of mycorrhizal inoculation as a bio-fertilizer is strongly
supported and its ability to enhance soybean productivity under high-temperature stress
conditions. These studies conclude that AMF inoculation can alleviate the damaging effects
of high-temperature stress on the growth and yield of soybean. There is no doubt that the
growth of many plants can be substantially improved if they possess a well-developed
mycorrhizal system. There is an urgent need for understanding this mechanism and to
design an appropriate plant–AMF combination for better use of natural resources. Future
research, therefore, should be based on holistic approaches involving multidisciplinary
sciences, such as plant and fungal physiology, and soil and molecular biology, for a better
understanding of the processes in the plant–AMF–soil continuum. Thus, it is concluded that
heat stress-induced damage to the structure and function of the photosynthetic apparatus
was alleviated by AMF colonization.

Author Contributions: Conceptualization, K.J. and V.S.B.; Methodology, K.J.; Software, A.R.; Vali-
dation, K.J., V.S.B., S.K. and A.R.; Formal Analysis, K.J.; Investigation, K.J.; Resources, V.S.B.; Data
Curation, K.J., V.S.B., S.K.; Writing—Original Draft Preparation, K.J., V.S.B., S.K. and A.R.; Writing—
Review & Editing, K.J., V.S.B., S.K., A.R., S.A.A. and M.H.S.; Visualization, V.S.B. and S.K.; Supervision,
V.S.B. and S.K.; Project Administration, K.J., V.S.B., S.K., A.R., S.A.A. and M.H.S.; Funding Acquisition,
K.J., V.S.B., S.K., A.R., S.A.A. and M.H.S. All authors have read and agreed to the published version
of the manuscript.



Plants 2022, 11, 2210 10 of 12

Funding: The financial support by Council of Scientific and Industrial Research (CSIR)/University Grants
commission (UGC), Government of India (20-06/2010 (i) EU-IV) to K.J. and Researchers Supporting Project
number (RSP-2021/194), King Saud University, Riyadh, Saudi Arabia is thankfully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data can be obtained on request from the authors.

Acknowledgments: The authors acknowledge M.P. Sharma (PI, ICAR-IISR, Indore) for providing
AMF culture. Also, the authors would like to extend their sincere appreciation to the Researchers
Supporting Project number (RSP-2021/194), King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Ashraf, M.; Hafeez, M. Thermotolerance of pearl millet and maize at early growth stages: Growth and nutrient relations. Biol.

Plant. 2004, 48, 81–86.
2. Wahid, A.; Close, T.J. Expression of dehydrins under heat stress and their relationship with water relations of sugarcane leaves.

Biol. Plant. 2007, 51, 104–109.
3. Meehl, G.A.; Stocker, T.F.; Collins, W.D.; Gaye, A.J.; Gregory, J.M.; Kitoh, A.; Knutti, R.; Murphy, J.M.; Noda, A.; Raper, S.C.B.;

et al. (Eds.) Global Climate Projections; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2007; pp. 749–844.
4. Thomas, J.M.G.; Boote, K.J.; Allen, L.H., Jr.; Gallo Meagher, M.; Davis, J.M. Elevated temperature and carbon dioxide effects on

soybean seed germination and transcript abundance. Crop Sci. 2003, 43, 1548–1557.
5. Jumrani, K.; Bhatia, V.S. Impact of combined stress of high temperature and water deficit on growth and seed yield of soybean.

Physiol. Mol. Biol. Plants 2018, 24, 37–50.
6. Jumrani, K.; Bhatia, V.S. Identification of drought tolerant genotypes using physiological traits in soybean. Physiol. Mol. Biol.

Plants 2019, 25, 667–681.
7. Jumrani, K.; Bhatia, V.S. Combined effect of temperature and water stress on physiological and biochemical processes in soybean

(Glycine max). Physiol. Mol. Biol. Plants 2019, 25, 697–711.
8. Liu, X.B.; Jin, J.; Wang, G.H.; Herbert, S.J. Soybean yield physiology and development of high yielding practices in North east

China. Field Crops Res. 2008, 105, 157–171.
9. Tacarindua, C.R.P.; Shiraiwa, T.; Homma, K.; Kumagai, E.; Sameshima, R. The response of soybean seed growth characteristics to

increased temperature under near-field conditions in a temperature gradient chamber. Field Crops Res. 2012, 131, 26–31.
10. Jumrani, K.; Bhatia, V.S. Influence of different light intensities on specific leaf weight, stomatal density, photosynthesis and seed

yield in soybean. Indian J. Plant Physiol. 2020, 25, 277–283.
11. Jumrani, K.; Bhatia, V.S.; Pandey, G.P. Impact of elevated temperatures on specific leaf weight, stomatal density, photosynthesis

and chlorophyll fluorescence in soybean. Photosynth Res. 2017, 131, 333–350.
12. Gavito, M.E.; Rouhier, H.; Olsson, P.A.; Medina, P.A.; Jakobsen, I.; Bago, B.; Azcon, A.C. Temperature constraints on the growth

and functioning of root organ cultures with arbuscular mycorrhizal fungi. N. Phytol. 2005, 168, 179–188.
13. Meharg, A.A. Variation in arsenic accumulation—Hyper accumulation in ferns and their allies. N. Phytol. 2003, 157, 25–31.
14. Baumann, K.; Schneider, B.U.; Marschner, P.; Huttl, R.F. Root distribution and nutrient status of mycorrhizal and non mycorrhizal

Pinussylvestris, L. seedlings growing in a sandy substrate with lignite fragments. Plant Soil 2005, 276, 347–357.
15. Smith, S.E.; Read, D.J. Arbuscular mycorrhizas, Mycorrhizal Symbiosis; Academic Press: San Diego, CA, USA, 2008; pp. 1–188.
16. Andrade, G. Role of Functional Groups of Microorganisms on the Rhizosphere Microcosm Dynamics in Plant Surface Microbiology; Varma,

A., Abbott, L., Werne, D., Hampp, R., Eds.; Springer: New York, NY, USA, 2004; pp. 51–68.
17. Selosse, M.A.; Richard, F.; He, X.H.; Simard, S.W. Mycorrhizal networks: Desliaisons dangereuses? Trends Ecol. Evol. 2006, 21,

621–628.
18. Gadkar, V.; David-Schwartz, R.; Kunik, T.; Kapilnik, Y. Arbuscular mycorrhizal fungal colonization: Factors involved in host

recognition. Plant Physiol. 2001, 127, 1493–1499.
19. Harrison, M.J. Signaling in the arbuscular mycorrhizal symbiosis. Annu. Rev. Microbiol. 2005, 59, 19–42.
20. Auge, R.M.; Toler, H.D.; Moore, J.L.; Cho, K.; Saxton, A.M. Comparing contributions of soil versus root colonization to variations

instomatal behavior and soil drying in mycorrhizal Sorghum bicolor and Cucurbita pepo. J. Plant Physiol. 2007, 164, 1289–1299.
21. Maboko, M.M. Effect of arbuscular mycorrhiza and temperature control on plant growth, yield, and mineral content of tomato

plants grown hydroponically. Hortic. Sci. 2013, 48, 1470–1477.
22. Wezowicz, K.; Rozpądek, P.; Turnau, K. Interactions of arbuscular mycorrhizal and endophytic fungi improve seedling survival

and grow thin post-mining waste. Mycorrhiza 2017, 27, 499–511.
23. Barzana, G.; Aroca, R.; Bienert, G.P.; Chaumont, F.; Ruiz-Lozano, J.M. New insights into the regulation of aquaporins by the

arbuscular mycorrhizal symbiosis in maize plants under drought stress and possible implications for plant performance. Mol.
Plant Microbe Interact. 2014, 27, 349–363.



Plants 2022, 11, 2210 11 of 12

24. Ruíz-Sánchez, M.; Aroca, R.; Munoz, Y.; Polon, R.; Ruíz-Lozano, J.M. The arbuscular mycorrhizal symbiosis enhances the
photosynthetic efficiency and the antioxidative response of rice plants subjected to drought stress. J. Plant Physiol. 2010, 167,
862–869.

25. Zhu, X.C.; Song, F.B.; Xu, H.W. Arbuscular mycorrhizae improves low temperature stress in maize via alterations in host water
status and photosynthesis. Plant Soil 2010, 331, 129–137.

26. Zhu, X.C.; Song, F.B.; Liu, S.Q.; Liu, T.D.; Zhou, X. Arbuscular mycorrhizae improves photosynthesis and water status of Zeamays,
L. under drought stress. Plant Soil Environ. 2012, 58, 186–191.

27. Habibzadeh, Y.; Pirzad, A.; Zardashti, M.R.; Jalilian, J.; Eini, O. Effects of arbuscular mycorrhizal fungi on seed and protein yield
under water deficit stress in mungbean. Agron. J. 2013, 105, 79–84.

28. Porcel, R.; Ruiz-Lozano, J.M. Arbuscular mycorrhizal influence on leaf water potential, solute accumulation, and oxidative stress
in soybean plants subjected to drought stress. J. Exp. Bot. 2004, 55, 1743–1750.

29. Zhu, X.C.; Song, F.B.; Xu, H.W. Influence of arbuscular mycorrhiza on lipid peroxidation and antioxidant enzyme activity of
maize plants under temperature stress. Mycorrhiza 2009, 20, 325–332.

30. Wu, Q.S.; Zou, Y.N.; Liu, W.; Ye, X.F.; Zai, H.F.; Zhao, L.J. Alleviation of salt stress in citrus seedlings inoculated with mycorrhiza:
Changes in leaf antioxidant defense systems. Plant Soil Environ. 2010, 56, 470–475.

31. Lu, X.; Koide, R.T. The effects of mycorrhizal infection on components of plant growth and reproduction. N. Phytol. 1994, 128,
211–218.

32. Reddy, K.R.; Hodges, H.F. Crop Ecosystem Responses to Global Climate Change: Cotton. In Climate Change and Global Productivity;
Reddy, K.R., Hodges, H.F., Eds.; CAB International: Wallingford, UK, 2000; pp. 161–187.

33. Al-Karaki, G.N. Growth of mycorrhizal tomato and mineral acquisition under salt stress. Mycorrhiza 2000, 10, 51–54.
34. Auge, R.M. Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis. Mycorrhizac 2001, 11, 3–42.
35. Hussain, H.A.; Qingwen, Z.; Hussain, S.; Hongbo, L.; Waqqas, A.; Li, Z. Effects of arbuscular mycorrhizal fungi on maize growth,

root colonization, and root exudates varied with inoculums and application method. J. Soil Sci. Plant Nutr. 2021, 21, 2.
36. Ruotsalainen, A.L.; Kytoiita, M.M. Mycorrhizal does not alter low temperature impact on Gnaphaliumnorvegicum. Oecologia 2004,

140, 226–233.
37. Al Karaki, G.N. Nursery inoculation of tomato with arbuscular mycorrhizal fungi and subsequent performance under irrigation

with saline water. Sci. Hortic. 2006, 109, 1–7.
38. Kaya, C.; Ashraf, M.; Sonmez, O.; Aydemir, S.; Tuna, A.; Cullu, M.A. The influence of arbuscular mycorrhizal colonization on

keygrowth parameters and fruit yield of pepper plants grown at high salinity. Sci. Hortic. 2009, 122, 1–6.
39. Wu, Q.S.; Zou, Y.N. Beneficial roles of arbuscular mycorrhizas in citrus seedlings at temperature stress. Sci. Hortic. 2010, 125,

289–293.
40. Wu, S.; Zhang, X.; Chen, B.; Wu, Z.; Li, T.; Hu, Y.; Sun, Y.; Wang, Y. Chromium immobilization by extra radical mycelium of

arbuscularmycorrhiza contributes to plant chromium tolerance. Environ. Exp. Bot. 2016, 122, 10–18.
41. Beltrano, J.; Ronco, M. Improved tolerance of wheat plants (Triticum aestivum L.) to drought stress and rewatering by the

arbuscular mycorrhizal fungus Glomusclaroideum: Effect on growth and cell membrane stability. Braz. J. Plant Physiol. 2008, 20,
29–37.

42. Birhane, E.; Sterck, F.J.; Fetene, M.; Bongers, F.; Kuyper, T.W. Arbuscular mycorrhizal fungi enhance photosynthesis, water use
efficiency, and growth of frankincense seedlings under pulsed water availability conditions. Oecologia 2012, 169, 895–904.

43. Maya, M.A.; Matsubara, Y.I. Tolerance to Fusarium wilt and anthracnose diseases and changes of antioxidative activity in
mycorrhizal cyclamen. Crop Prot. 2013, 47, 41–48.

44. Alotaibi, M.O.; Saleh, A.M.; Sobrinho, R.L.; Sheteiwy, M.S.; ElSawah, A.M.; Mohammed, A.E.; Elgawad, H.A. Arbuscular
mycorrhizae mitigate aluminium toxicity and regulate proline metabolism in plants grown in acidic soil. J. Fungi 2021, 7, 531.

45. Lin, A.J.; Zhang, X.H.; Wong, M.H.; Ye, Z.H.; Lou, L.Q.; Wang, Y.S. Increase of multimetal tolerance of three leguminous plants by
arbuscular mycorrhizal fungi colonization. Environ. Geochem. Health 2007, 29, 473–481.

46. De Novais, C.B.; Sbrana, C.; da Conceição, J.E.; Rouws, L.F.M.; Giovannetti, M.; Avio, L.; Siqueira, J.O.; Saggin, O.J., Jr.; Ribeiroda
Silva, E.M.; de Faria, S.M. Mycorrhizal networks facilitate the colonization of legume roots by a symbiotic nitrogen-fixing
bacterium. Mycorrhiza 2020, 30, 389–396.

47. Scheublin, T.R.; Ridgway, K.P.; Young, J.P.W.; van der Heijden, M.G.A. Nonlegumes, legumes, and root nodules harbor different
arbuscular mycorrhizal fungal communities. Appl. Environ. Microbiol. 2004, 70, 6240–6246.

48. Ashraf, M. Some important physiological selection criteria for salt tolerance in plants. Flora 2004, 199, 361–376.
49. Piao, S.; Ciais, P.; Friedlingstein, P.; Peylin, P.; Reichstein, M.; Luyssaert, S.; Margolis, H.; Fang, J.; Barr, A.; Chen, A.; et al. Net

carbon dioxide losses of northern ecosystems in response to autumn warming. Nature 2008, 451, 49–52.
50. Egli, D.B. Soybean reproductive sink size and short-term reductions in photosynthesis during flowering and pod set. Crop Sci.

2010, 50, 1971–1977.
51. Saibo, N.J.M.; Lourenço, T.; Oliveira, M.M. Transcription factors and regulation of photosynthetic and related metabolism under

environmental stresses. Ann. Bot. 2009, 103, 609–623.
52. Djanaguiraman, M.; Prasad, P.V.V. Ethylene production under high temperature stress causes premature leaf senescence in

soybean. Funct. Plant Biol. 2010, 37, 1071–1084.



Plants 2022, 11, 2210 12 of 12

53. Jagadish, S.V.K.; Way, D.A.; Sharkey, T.D. Plant heat stress: Concepts directing future research. Plant Cell Environ. 2021, 44,
1992–2005.

54. Maggio, A.; Pascale, S.D.; Angelino, G.; Ruggiero, C.; Barbieri, G. Physiological response of tomato to saline irrigation in long
terms alinized soils. Eur. J. Agron. 2004, 21, 149–159.

55. Choe, K.; Toler, H.; Lee, J.; Ownley, B.; Stutz, J.; Moore, J.; Auge, R. Mycorrhizal symbiosis and responses of sorghum plants to
combined drought and salinity stresses. J. Plant Physiol. 2006, 163, 517–528.

56. Auge, R.M.; Toler, H.D.; Sams, C.E.; Nasim, G. Hydraulic conductance and water potential gradients in squash leaves showing
mycorrhiza-induced increases in stomatal conductance. Mycorrhiza 2008, 18, 115–121.

57. Sheng, M.; Tang, M.; Chan, H.; Yang, B.; Zhang, F.; Huang, Y. Influence of arbuscular mycorrhizae on photosynthesis and water
status of maize plants under salt stress. Mycorrhiza 2008, 18, 287–296.

58. Oukarroum, A.; Madidi, S.E.; Schansker, G.; Strasser, R.J. Probing the responses of barley cultivars (Hordeum vulgare L.) by
chlorophyll a fluorescence OLKJIP under drought stress and rewatering. Environ. Exp. Bot. 2007, 60, 438–446.
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